Gas tur bines (GT) and heat-re cov ery steam gen er a tors (HRSG) are cur rently used in a wide range of power gen er a tion ap pli ca tions due to their high ef fi ciency and pos i tive ef fect on plant flex i bil ity. A prop erly de signed duct burner sys tem can en hance that flex i bil ity. A duct burner's per for mance is sen si tive both to its in ter nal struc ture and to the ex haust gas char ac ter istics of the gas tur bine. Duct burn ers use sup ple men tary fir ing to in crease the heat en ergy of a gas tur bine's ex haust, mak ing it pos si ble to in crease the out put of a down stream (HRSG). Early systems took a con ven tional ap proach to burner de sign. The ex haust of the tur bine was di rected into a windbox and then into a burner throat, where fuel was added and mixed with ox y gen us ing high-pres sure drops and swirls. Sim pler, grid-style sys tems were de signed later, which aimed to re duce the pres sure in or der to keep the gas tur bine op er at ing near to op ti mal con di tions. The grid de sign uses an ar ray of fuel man i folds to de liver the fuel into the tur bine's ex haust stream and a bluff body at tach ment to sta bi lize the flame. As gas tur bine tech nol ogy ad vanced, mass Lezsovits, F., et al.: CO Emission Reduction of a HRSG Duct Burner
In tro duc tion
Gas tur bines (GT) and heat-re cov ery steam gen er a tors (HRSG) are cur rently used in a wide range of power gen er a tion ap pli ca tions due to their high ef fi ciency and pos i tive ef fect on plant flex i bil ity. A prop erly de signed duct burner sys tem can en hance that flex i bil ity. A duct burner's per for mance is sen si tive both to its in ter nal struc ture and to the ex haust gas char ac ter istics of the gas tur bine. Duct burn ers use sup ple men tary fir ing to in crease the heat en ergy of a gas tur bine's ex haust, mak ing it pos si ble to in crease the out put of a down stream (HRSG). Early systems took a con ven tional ap proach to burner de sign. The ex haust of the tur bine was di rected into a windbox and then into a burner throat, where fuel was added and mixed with ox y gen us ing high-pres sure drops and swirls. Sim pler, grid-style sys tems were de signed later, which aimed to re duce the pres sure in or der to keep the gas tur bine op er at ing near to op ti mal con di tions. The grid de sign uses an ar ray of fuel man i folds to de liver the fuel into the tur bine's ex haust stream and a bluff body at tach ment to sta bi lize the flame. As gas tur bine tech nol ogy ad vanced, mass flow rate and ex haust gas tem per a ture de creased in par al lel with the in crease in com bus tion ef ficiency. The cross-sec tional area of the HRSG was in creased to make more tube sur face area avail able for heat re cov ery and to keep ex haust pres sures low enough to main tain the ef fi ciency of the gas tur bine.
At dif fer ent loads, changes to the mass flow steps to the duct burner zone have an effect on the mix ing en ergy at the burner as well as on the dis tri bu tion pro file of the ex haust gas of the gas tur bine. To op ti mize the com bus tion pro cess, both the burner fuel and tur bine ex haust gas must be evenly dis trib uted. Just as the burner run ners are spread out over the duct's cross--sec tion, so the flow pro file of the TEG must be dis trib uted evenly, too. Ad just ing the duct config u ra tion, the sur face area of the up stream tube and the turn ing vanes, and add ing dis tri bu tion grids in the form of per fo rated plates are com mon meth ods of en sur ing a uni form ve loc ity profile in the gas flow en ter ing the burner grid [1] [2] [3] [4] .
De scrip tion of the co-gen er a tion unit
A com bined gas-tur bine and steam cy cle based co-gen er a tion sys tem was erected at a dis trict heat ing cen tre. The gas-tur bine em ployed was a Rolls-Royce RB 211, a two-shaft aero de riv a tive type, com posed of a gas-gen er a tor el e ment and an RT61 power tur bine. It is im por tant to em pha size that the ex haust gas out let and the con nec tion to the HRSG is placed at a 90 degree an gle to the flue-gas, since the al ter na tor con nection is at the ex haust end (see fig.1 ) A HRSG with sup ple men tary fir ing was erected, and the duct burner in be tween the GT and the HRSG was in stalled and com mis sioned. In or der to at tain a nearly uni form flue-gas ve loc ity field in the duct burner zone, the ap pli ca tion of a long dif fuser is rec ommended, which can sig nif i cantly re duce non-uni formity and swirls. This sys tem lacks such a dif fuser due to a lack of in stal la tion space. The tur bine out let is attached di rectly to the HRSG, us ing a short con nect ing el e ment. Main tech ni cal pa ram e ters at nom i nal load at the am bi ent tem per a ture of 0 °C of the TBM-RB211-61 gas-tur bine are [5]: power -32.12 MW; heat rate -9158 kJ/kWh; ef fi ciency -39.3%; pres sure ra tio -21.5; power tur bine speed -4800 1/min.; ex haust gas tem per a ture -496 °C; ex haust gas mass flow -100 kg/s; GT ex haust (TEG) anal y sis -O 2 13.86 vol.%, N 2 75.35 vol.%, Ar 0.91 vol.%, CO 2 3.22 vol.%, and H 2 O 6.66 vol.%.
Due to the ex haust gas of the gas-tur bine be ing at a 90 de gree an gle to the HRSG, the ex haust-gas flow shows sig nif i cant swirls and ro ta tion at the out let cross-sec tion of the gas turbine. These swirls are am pli fied fur ther by the change in shape of the cross-sec tion from cir cu lar to rect an gu lar of the con nect ing piece.
The gas flow at the exit of the gas tur bine has a char ac ter is tic, low ve loc ity, cen tral region sur rounded by a ro tat ing re gion ad ja cent to the wall where higher ve loc i ties pre vail. The ro -ta tion of the flow and its high ve loc ity forces the flow out wards to the walls in the ex pan sion section, in the man ner of cy clones, re sult ing in un even flow dis tri bu tion in front of the burn ers.
De scrip tion of ap plied duct burn ers and their in stal la tion For heat sup ply at peak load heat de mand sup ple men tary duct burn ers were in stalled. The main data of the duct burn ers ap plied are [6] : fuel data (av er age nat u ral gas com po si tionmeth ane 97.429 vol.%, eth ane 1.028 vol%, pro pane 0.355 vol.%, N-bu tane 0.077 vol.%, I-butane 0.058 vol.%, N-pentane 0.011 vol.%, I-pentane 0.016 vol.%, hex ane 0.004 vol.%, carbon di ox ide 0.046 vol.%, and ni tro gen 0.976 vol.%); max i mal heat in put -23.0 MW; nom i nal heat in put -20.5 MW, num ber of burner groups -1; num ber of burner lines -4; turn down ratio (4 rows in op er a tion) ->10 : 1; av er age flue gas tem per a ture af ter sup ple men tary fir ing (at t amb = 0 °C) -685 °C ± 40 °C; pres sure in fur nace (nor mal) -30 mbar; emis sion -NO x (10-100% load) < 45 mg/MJ, and CO (10-100% load) < 40 mg/MJ; con di tions -the TEG veloc ity is not al lowed to vary more than ±20% of the av er age ve loc ity and shall not ex ceed 24 m/s.
The duct burn ers ap plied are of the par tially pre mixed type. Gas eous fuel com ing from a gas sup ply tube through a cy lin dri cal hole en ters the in jec tor tube. The gas in this tube is par tially mixed with am bi ent flue-gas hav ing an O 2 con tent of ap prox i mately 14% in or der to en sure flame stabil ity. The flame is formed on an in jec tor tube having 4 holes of 7 mm di am e ter at an an gle of 45 degrees. Nearly all of the gas sup ply holes have an ec cen tric ity of more than 1 mm to the in jec tor tube, which can be mea sured by means of a cone in sert. From pho to graphs taken at this point it can be concluded that the high speed gas fuel flow has a ramming ef fect at the in jec tor in let, and the flow partially by-passes the in jec tor tube. A cer tain amount of fuel gas also streams be low the wings. The pre-mix ing ef fect in the in jec tor tube oc curs with very low ex cess air be cause of the com par a tively small out let hole di am e ter. Fig ure 2 shows the design and op er at ing prin ci ples of the duct burner applied. El e men tary burner in stal la tion in line forms the duct burner. In our case four duct burner lines were in stalled into the dif fuser box in be tween the gas tur bine and the HRSG. Pho to graphs of the duct burn ers in stalled can be seen in fig. 3 .
CFD sim u la tion method and re sults
To pre dict the op er a tional con di tions of the duct burn ers, pre lim i nary CFD sim u la tions were per formed (Com mer cial flow solver CFX 5.6 was used for the cal cu la tions). The for mu la tion of the math e mat i cal model was based on the anal y sis given in sev eral pub lished sources [7] [8] [9] [10] [11] . A cou pled un struc tured solver was used for the cal cu la tions. The gas flow was as sumed to be a: 3 dimen sional, in com press ible, steady state and iso ther mal flow of an ideal gas with a tem per a ture of 781 K and a den sity of 0.45 kg/m 3 , based on the data sup plied by the gas tur bine sup plier [5] . The stan dard RNG k-ep si lon model was used for the tur bu lent equa tions clo sure, to gether with a scalable wall model in the bound ary layer. Higher or der dif fer enc ing schemes were used for the equations and all cal cu la tions were done at dou ble pre ci sion. Tet ra he dral cells were used in the main do main ex cept at the walls, where in flated bound aries were used in or der to re solve the bound ary layer. A finer mesh was used at the in let to the duct and around the burner plane.
Due to the flow pro file of the ex haust gas from the gas tur bine it was pre dicted that there would be an un even flow dis tri bu tion at the burner lo ca tion (figs. 4 and 5). It is nec es sary to equal ize the flow for proper burner op er a tion. The prob lem is more one of equal iz ing the flow than of dis trib ut ing the flow in a cer tain di rec tion. The most ob vi ous so lu tion is a dis tri bu tion grid, achieved by means of a per fo rated plate at a cer tain dis tance in front of the burner plane. Due to the rel a tively high dy namic pres sure of the ex haust gas a rel a tively high pres sure drop is also re quired in the re sis tance grid in or der to equal ize the un con formity of flow. Three cal cu lations were car ried out at 3 dif fer ent resistances in the per fo rated plate. The re sis tance cor responds to three pres sure resistances, at 200 Pa, 400 Pa, and 550 Pa. The re sult of the cal cu la tion with out any re sis tance in the per fo rated plate is in cluded for com par i son. The per fo rated plate is not in cluded in the CFD cal cu la tions as hav ing many small holes. This ap proach would re quire an ex ces sively high num ber of small com pu ta tional nodes and con se quently an ex tremely long com pu ta tional time. In stead the per fo rated plate is in cluded as a pres sure re sis tant area. The pres sure re sis tance is in cluded as a pres sure re sis tance co ef fi cient in the cal cu lation, which is pro por tional to the square of the ve loc ity. An ac cept able flow dis tri bu tion at the burner lo ca tion was achieved by the use of a re sis tance grid with a re sis tance of 550 Pa. High flow an gles in the range -37° to 33° were also pre dicted, how ever. This sec tion shows the re sults of a cal cu la tion with a 550 Pa re sis tance grid and flow straight en ing plates. The re sults ob tained with a 550 Pa grid with out flow straight en ing plates are in cluded for com par i son. A num ber of dif fer ent con fig u ra tions were in ves ti gated, where the num ber of flow straight en ing plates and their lo ca tions were ad justed.
Fig ure 6 shows a cross-sec tional draw ing of the flue-gas duct and duct burner with the steel-plate mesh in stalled ( fig. 7) , and the re sults of a CFD model of this ar range ment. The results of the sim u la tion show that swirls are re duced sig nif i cantly, but that the ve loc ity field was still not uni form enough. The ve loc ity of flue-gas at the zone of duct burn ers even ex ceeded the given limit (24 m/s) for this duct burner in most cases. Even the av er age ve loc ity at nom i nal load in this cross-sec tion is slightly larger than the per mit ted value.
In stru men ta tion, mea sure ment tech niques and op er a tional ex pe ri ence An ex haust gas sam ple was taken af ter the HRSG via an isokinetic sam pling probe in or der to de ter mine the av er age ex haust gas mix ture. The mea sure ment of the emis sion was performed ac cord ing to ISO11042 and EN50379 stan dards. The CO con tent of the ex haust gas was mea sured by vol ume in ppm units by means of an in fra red sen sor based ap pa ra tus.
The duct burn ers can not be op er ated in de pend ently of the gas-tur bine. The gas-tur bine was thus first of all tested on its own, with out the op er a tion of duct burn ers. The CO emis sion in this mode was mea sured at about 3 mg/m 3 , which is less than the 5 mg/m 3 pre lim i nary given value. Sub se quently the duct burner lines were tested both sep a rately and op er at ing to gether. When all burn ers were op er ated to gether the CO con tent of the ex haust gas reached a value of 90 mg/m 3 . This means that a CO emis sion of 90 -3 = 87 mg/m 3 was pro duced by the duct burn ers. Tak ing into ac count the ex haust gas flow and burner ca pac ity, the CO emis sions were found to be sig nif i cantly above the ac cept able level (more than 300 mg/MJ) for duct burner op er a tion. A per fo rated steel plate with 40 mm di am e ter holes, cov er ing the to tal cross-sec tion, and plates of a spi der mesh form were in stalled to re duce large swirls. CO emission was re duced by about 20% fol low ing this in ter ven tion, al though it still did not reach an ac cept ably low level, and re mained sev eral times higher than the pre-de ter mined limit spec ified in the con tract (40 mg/MJ).
In ves ti ga tions and amend ments sug gested by the BME
The in creas ing ef fi ciency of mod ern gas-tur bines has led to a re duc tion in the tem per ature and ox y gen con tent of their ex haust gases. This causes de te ri o ra tion in the com bus tion condi tions in the ex haust gas. It re duces the flame tem per a ture and the sta bil ity re gion of the flame. These fac tors may in crease the level of CO and of other un burnt par ti cles. To keep CO and in par al lel NO x emis sion at a low level, the fol low ing fac tors have to be taken into ac count: -CO formation depends to a large degree on reaction kinetics and turbulence, -CO formation happens when there is incomplete combustion caused by lower flame temperatures, -to reduce CO and unburnt hydrocarbon emissions two conditions must be fulfilled: the retention time of flames has to be increased in the recirculation zone of the burner wings and turbulence has to be reduced in order to separate comparatively cool exhaust gas from the flame, -besides reducing turbulence, average flow velocity also has to be kept at a moderate level, -fluid flow must have an even velocity distribution with little turbulence and has to be more or less perpendicular to the burner axis, and -the spontaneous ignition temperature of CO combustion in case of a stoichiometric concentration is 609 °C, and at other concentrations it is even higher; the exhaust gas temperature of the gas-turbine is over 100 ºC lower than this. Backflow swirl is nor mally formed be hind the burner wings, en sur ing sta ble and perfect com bus tion. When dis turbed ex haust gas flow with high tur bu lence ar rives at the duct burner, high tur bu lence pe ri od i cally de stroys nor mal backflow swirls, and fuel which has not been to tally combusted can reach the lower tem per a ture zone, where fur ther com bus tion con ditions for CO ox i da tion are much worse. When the di rec tion of the ex haust flow is not per pen dicu lar to the burner axis, backflow swirl will be asym met ri cal, or flow away, which can cause blow off.
Gas flow at the burner noz zle exit is af fected by drops in pres sure. When a pres sure drop reaches a crit i cal value, the exit flow will reach sonic ve loc ity. In the case of larger pres sure drops the exit ve loc ity will not in crease fur ther but re mains con stant. In such cases a fur ther pres sure re duc tion oc curs, due to shock waves. Shock wave for ma tion can cause a sit u a tion where a cer tain amount of fuel gas by-passes the mix ing tube, which can lead to ab nor mal combus tion and the for ma tion of CO. Since the exit pres sure is fixed, the pres sure drop is de ter mined by the in let pres sure of the gas eous fuel. In creas ing the in let pres sure will also in crease the density of the fuel. When a pres sure drop reaches a crit i cal value its ve loc ity will not in crease further, but fuel mass flow will in crease due to the in crease in den sity.
Pre vi ously ob tained re sults were eval u ated and an in jec tor tube sam ple was tested in the lab o ra tory us ing high pres sure meth ane. It was ob served from this test that the meth ane-air mix ture flow from the out let of the in jec tor was not sym met ri cal.
Ex am i na tion of pho to graphs of the flames con firmed that a cer tain amount of nat u ral gas got be hind the wings due to jet col li sions. This nat u ral gas spreads around and reaches lo cations where the ex cess air fac tor is high and the am bi ent ex haust gas tem per a ture is not high enough for com plete com bus tion. At the end of duct burn ers the op po site sit u a tion pre vails. Nat u ral gas be low and above the wings reached an area where the ex haust gas ve loc ity is low, or even where recirculation oc curs. In this area the ex cess air fac tor could be be low one and a lack of ox y gen re sults in soot for ma tion in this area. Dam age could be ob served at the pi lot burner of the 1 st duct burner which may have been caused by flame im pact, in ad di tion to a soot layer caused by gas com bus tion with in suf fi cient air. Two tem per a ture sen sors were in stalled in front of the HRSG in let. The range of tem per a tures re corded by these sen sors showed a dif ference of 100 ºC, which was a re sult of the lack of proper mix ture for ma tion and some lu mi nous flame for ma tion. It was sug gested that the in let fuel gas pres sure be re duced in or der to avoid shock wave for ma tion. In par al lel, the noz zle di am e ter should be in creased so as to keep burner ca pac ity at the same level. The per fo rated plates and spi der mesh shaped damper in stalled initially did not achieve the ex pected re duc tion of CO emis sions. It was sur mised that an ap pro priate flow field can be at tained only in the re gion of the duct burn ers, be cause of the higher than per mit ted av er age ex haust gas ve loc ity. In or der to re duce the swirls in flue gas flow fur ther, a denser (200 ´ 200 mm) zig-zag mesh in stal la tion was sug gested. It was also im por tant to reduce the mesh size of the damper, be cause free jet ve loc ity and tur bu lence is re duced when the dis tance from the mesh is greater than 20 times the av er age di am e ter (L/D > 20). Be sides the zig-zag mesh it was rec om mended that per fo rated plates hav ing 5 mm di am e ter holes and a 40% hole ra tio be in stalled in the zone around the duct burn ers. Flue-gas flow can be re duced at the zone of the duct burn ers by means of these per fo rated plates and gas flow ve loc ity can be higher be tween the plates. This de sign al lows the prob lems caused by high av er age ve loc ity to be avoided. Fig ure 8 shows a cutaway draw ing of the sug gested in stal la tions.
A pre lim i nary CFD sim u la tion was per formed for the sug gested ap pli ca tion. The results of this sim u la tion show sig nif i cant re duc tion in ve loc ity in the zone of burn ers and higher ve loc ity in be tween burn ers . Fig ure 9 shows the re sults of a CFD sim u la tion of this sit u a tion. At the same time it was rec om mended that pres sure sen sors be in stalled for each burner to al low gas pres sure to be mea sured at each burner in let. It is pos si ble to ad just burner ca pac ity sep a rately by means of man ual valves. This so lu tion made it pos si ble to re duce burner ca pac ity where CO pro duc tion was high and in crease the ca pac ity of the burner where CO produc tion was lower.
Op er a tional ex pe ri ence af ter amend ments sug gested by the BME Per fo rated plates were in stalled be low burners as sug gested. In par al lel asym met ri cal outflow from the in jec tors was achieved by means of in jec tor mod i fi ca tion, which re di rects these flows ahead. Ig ni tion thus be came much more sta ble. Pe ri od i cal fluc tu a tions of the flames and drift ing around were no lon ger ex pe ri enced. Tem per a ture sen sors in stalled in front of the HRSG in let showed nearly the same value, the dif fer ence be ing less than 20 ºC. This could be the re sult of more uni form mix ture for ma tion and less lu mi nous flame.
The op er a tion of the duct burn ers was followed vi su ally through ob ser va tion win dows and by means of vid eos and pho tos. Fig ure 10 shows pho to graphs of the flame of a duct burner be fore and af ter the re con struc tions. Be fore the re con struc tion the frames of the burn ers at the bot tom and at the top po si tions were lu mi nous and pul sat ing. The burn ers in the mid dle were not as lu mi nous, but pul sated even more, with pe ri odic ex tinc tion. Af ter the in stal la tion of per fo rated plates be low the burn ers in the mid dle the sit u a tion im proved sig nif i cantly.
Af ter these changes the ex pected re sult was achieved, and CO emis sion was re duced to below the pre lim i nary limit of 40 mg/MJ spec ified in the con tract.
Conclusions
The De part ment of En ergy En gi neer ing of the BME was com mis sioned to carry out theo ret i cal and ex per i men tal in ves ti ga tions of gas-tur bine HRSG duct burn ers whose CO emis sions ex ceeded 200 mg/MJ. It was as cer tained that the main cause of the prob lem was the high ve loc ity and tur bu lence of ex haust gas at the gas-tur bine exit. On the ba sis of the CFD cal cu la tions and exper i ments meshes and per fo rated plates were in stalled be low the burn ers in or der to re duce the ve - loc ity and tur bu lence of ex haust gas lo cally at the burn ers. The par al lel in jec tors of the burn ers were mod i fied in or der to re di rect the out let flow. Fur ther more the in let pres sure lev els of the burn ers were re ad justed. By means of these mea sures and mod i fi ca tions the CO emis sion was reduced to a level lower than the pre lim i nary limit spec i fied in the con tract (40 mg/MJ).
